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AS-503A SPACECRAFT REFERENCE TRAJECTORY

By Donald B. Grammer, Roger H. Sanders,
Walter Scott, Jr., and Kenneth A. Young

1.0 SUMMARY AND INTRODUCTION
1.1 Purpose

The spacecraft reference trajeéctory described in this document is
for mission AS-503A and is designed to employ a manned-configured space-
craft. The mission profile has been established in an effort to satisfy
the spacecraft mission objectives (ref. 1, 2, and 3) without violating
any of the known launch vehicle or spacecraft constraints (ref. 4). The
purpose of this document is to describe the complete mission profile that
incorporates the revisions and refinements which have been officially
identified since the publication of the preliminary reference trajec-

tory {(ref. 5).

1.2 Scope

This document is presented in three volumes and includes the follow
ing information: ’

a. Trajectory information, such as position, velocity, attitudes,
lighting, and performance characteristics, in sufficient detail to per-
mit definition of expected spacecraft subsystem performance.

b. Tracking and communications information to define the operational
ground support equipment requirements.

1.2.1 Volume I.- Volume I contains a detailed description of the
mission profile along with plotted and tabulated supplementary data
arranged according to periods of activity.

1.2.2 Volume IT.- Volume II contains the Apollo Reference Mission
Program (ARMP) computer output and a key defining the output parameters.

1l.2.3 Volume ITI.- Volume IIT contains radar acquisition and ter-
mination data and shadow time lines.
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1.4 Mission Profile Summary

For the nominal trajectory simulation, launch is assumed to occur
at 2100 Greenwich mean time (G.m.t.), September 30, 1967, from launch
complex 39A on a flight azimuth of '72° from true north.

The mission profile has been divided into five periods of activities.
These periods and the corresponding significant mission events are sas
follows:

o First Period of Activities (00:00:00 - 71:37:14 ground elapsed
time (g.e.t.)

1. Launch

2. Insertion into earth-parking orbit

3. Platform alignment

4., Simulated transluﬁar injection

5. Transposition, docking, and separation (SM RCS)
6. Platférm alignment

T. Deep-space navigation

8. Simulated midcourse correction burn - first SPS burn
9. Deep-space navigation
10. Platform alignment
1l. Simulated lunar orbit insertion - second SPS burn

12, Simulsted translunar coast



o Second Period of Activities (71:37:14 - 120:30:00 g.e.t.)

13.
k.

15.

First docked DPS Hohmann burn
Second docked DPS burn

Simulated lunar orbit coast (DPS power)

o Third Period of Activities (120:30:00 - 137:04:59 g.e.t.)

16.
17.
18.
19.
20.
21,
22,
23.
2k,

Lunar module separation (IM RCS)
Fire-in-the-hole (LM APS)

Concentric sequence initiation (IM APS)
Constant differential height maneuver (IM RCS)

Terminal phase initiation (IM RCS)

Capture and hard docking (LM RCS)
CSM separation (SM RCS)

APS burn to depletion

o Fourth Period of Activities (137:04:59 - 238:39:24 g.e.t.)

25.
26.
27.
28.
29.

30.

CSM phasing maneuver - third SPS burn

CSM constant differential height maneuver - fourth SPS burn
CSM terminal phase initiation (SM RCS)

Flyby

Simulated transearth injection burn - fifth SPS burn

Simulated transearth coast



o0 Fifth Period of Activities (238:39:24 - 239:21:07 g.e.t.)

31. SPS deorbit burn - sixth SPS burn
32, CM/SM separation

33. Atmospheric reentry

34, Landing

1.5 Mission Profile Evaluation

It is understood at the time of publication of this document
that a reversion to four high elliptical orbits is required to alleviate
the crew activity time line. Trajectory planning for four high ellip-
tical orbits and two injection opportunities is proceeding for the opera-
tional trajectory.

The primary purposes of mission AS-503A are to demonstrate the
cepabilities of the launch vehicle, spacecrafts, crew, and ground sup-
port facilities to perform the lunar orbital rendezvous (LOR) mission
operations while following & lunar landing mission (LIM) time line as
closely as possible in earth orbit. The mission is designed for a
9-day duration. :

In general this AS-503A spacecraft reference trajectory satisfies
the mission objectives and does present as nearly complete a simulation;
of the LOR mission events time line as is possible in an earth-orbital
environment. In.the following instances, deviations from the LIM were
made to comply with the AS-503A constraints, to enhance crew safety, or
to provide more meaningful systems tests:

a. The second S-IVB burn, simulating translunar injection (TLI)
is much shorter in order to limit the apogee altitude and, consequently,
the service propulsion system SPS propellent required for circularization.
This satisfies radiation, navigation, and Apollo guidance computer (AGC)
scaling constraints and, at the ssme time, conserves the SPS propellant
required for other maneuvers.

b. The transposition and docking attitude is a compromise that
was made between the Block I spacecraft communications, the S-IVB com-
munications, and the soft-docking lighting constraints.




¢. The 472-second SPS circulatization burn is larger than the
lunar orbit insertion (LOI) burn because of the 3950-n. mi. apogee re-
gquired for the deep-space navigation exercise. It does, however, employ
the same guidance as the LOI burn for the LIM.

d. The time difference between the lunar module (IM) descent pro-
pulsion system (DPS) burns and the first ascent propulsion system (APS)
burn is sbout twice that of the LIM. The IM APS active rendezvous to
simulate the ascent and rendezvous phases is similar in sequence, but
also takes about twice as long to complete as rendezvous for the LIM.

e. The docked vehicle configuration became necessary when the re-
quirements for full IM/DPS/APS duty cycles and continuous IM rescue cap-
ability by the command and service modules (CSM) were established. As
a consequence of the docked vehicle configuration, the AV magnitudes of
the DPS burns were about half of those for the LIM even though the burn
times and propellant usage were gquite similar.

f. Crew safety considerations dictated that the long duration APS
burn be performed unmanned.

g. The transearth injection (TEI) burn follows about the same time
line as the LIM, but is not of the same magnitude because of the SPS
usage required prior to and following this burn.

h. The CSM active rendeézvous with the spent DPS has two corrective
SPS maneuvers which do not completely satisfy the ground tracking con-
straints. The geographic location of these SPS burns can be easily ad-
Justed to obtain better ground coverage.

i. A shorter rendezvous plan together with a shorter crew operations

time line for preparing the APS for the unmanned propellant depletion
burn is being considered for the operational trajectory to improve the
APS electrical power shortage in this reference trajectory.

2.0 SYMBOLS
AGC Apollo guidance computer
AOT | alignment optical telescope
APS ascent propulsion system
AS Apollo Saturn

CDH . constant differential height



CsST
CsM
DPS
ECS
EPS
EST
ETR
FITH
g.e.t.
G.m.t.
IU
IMU
IpP

LET

LoT
LOR
LoX
MSFN

PGNCS

RCS

SLA

command module

concentric sequence initiation
command and service modules
descent bropulsion system

environmental control system

electrical power system

Eastern standard time

Eastern Test Range

~ Fire-in-the-hole

ground elapsed time
Greenwich mean time
instrument unit

inertial measurement unit
impact point

launch escepe tower

Junar landing mission
lunar module

lunar orbit insertion
lunar orbital rendezvous
liquid oxygen |
Manned Space Flight Network

primary guidance and navigation
control system

reaction control system

spacecraft IM adapter




SM service module

SPS service propulsion system
TEI ‘ transearth injection

TPI terminal phase initiation
VHF very high frequency

3.0 MISSION PROFILE GUIDELINES

The pertinent trajectory-related mission guidelines or constraints
which influenced the trajectory shaping and time line are presented in
this section for the convenience of the reader. Reference 4 contains
the complete list of all known launch vehicle and spacecraft systems and
operational constraints which had to be met to satisfy the mission objec-
tives.

a. No limits were assumed on the continuous SPS burn time for the
Block ITI engine.

b. The star-earth landmark sightings will be accomplished at an
altitude of 3000 n. mi. or greater and will have a sunlit landmark.

c. The CSM scaling limits the apogee for this mission to 5400 n. mi.
and the inertial velocity to 32 000 fps.

d. At all times during manned IM operations, the CSM shall maintain
the capability to rendezvous with the IM to provide such assistance as
may be required and will maintain the capability to perform the SPS

deorbit maneuver.
e. It is highly desirable that the predicted orbital decay life-
times for the IM spent DPS and APS not exceed 3 months.
L.0 SUMMARY OF INPUT DATA
4.1 Launch Vehicle Trajectory and Performance
The launch vehicle description, trajectory, weights and performance,

targeting parameters, and other pertinent information appear in ref-
ence 6.



L4,.2 Spacecraft Weight and Performance

Teble I shows spacecraft engine performance. This information and
spacecraft weight data were obtained from references T, 8, 9, and 10.

4.3 Spacecraft Aerodynamic Data

The command module (CM) aerodynamic coefficients used for the entry
trajectory simulation were taken from reference 10, and are shown in
tables II and III. In generating the entry trajectory, the U. 8. Stan-
dard 1962 Atmosphere and the Fischer Earth Model of 1960 were used.

L.4 Spacecraft Guidance

Spacecraft guidance equations and logic were obtained from ref-
ence 11l. The guidance modes employed during the simulation of each
spacecraft burn are shown in table IV.

4.5 Ground Stations and Ship Locations

Ground stations available for the support of this mission, their
tracking equipment, and their locations were obtained from reference 12
and 13. These data are summarized in tables V and VI. Suggested lo-
cations for the tracking ship are also indicated in teble V. Four .
ships are required in order to operate within the trajectory constraints
presented in reference L. .

4.6 Coordinate Systems Definition

Reference 1b provides a definition of the approved Apollo coordi-
nate systems. These coordinate systems were used in the programs which
generated this reference trajectory. Figure 1 presents vehicle config-
urations and the three main coordinate systems.

5.0 NOMINAL MISSION DESCRIPTION

5.1 First Period of Activities

The first period of activities, including Events 1 through 12, is
described below and shown in figure 2. These activities simulate the
earth launch, earth-parking orbit, second S-IVB burn to injection, trans-
position and docking, midcourse correction, simulated lunar orbit insertion,
and translunar cosast.




5.1.1 Leunch (Events 1 and 2).- For simulation purposes launch is
assumed to occur at 4 p.m. Eastern standard time (E.s.t.), on September

30, 1967, from launch complex 39A of the Merritt Island Launch Area (MILA).

A 2-hour launch window is available prior to sunset to allow for un-
scheduled holds during the launch countdown. The spacecraft will lift-
off on & T2° launch azimuth and will be inserted into a 100-n. mi. cir-
cular parking orbit by the S-IVB.

The launch phase is typical for the Saturn V configuration (ref. 6).
An ll-second vertical rise is followed by a programmed pitchover which
terminates at S-IC cutoff 150.6 seconds g.e.t. Staging is completed,
and full S-II thrust is attained 6.5 seconds later.

Launch vehicle guidance is initiated 0.5 seconds after the S-II
has reached full thrust. The S-IC/S-II interstage is jettisoned 23.7
seconds after S-II ignition, and the launch escape tower (LET) is jet-

tisoned 5 seconds later. The S-II cutoff and S-IVB ignition occur
524,192 seconds g.e.t.

The launch phase is completed at 5-IVB culoff 635.20 seconds g.e.t.
at insertion. into the earth-parking orbit.

5.1.2 Earth Parking Orbit.- The earth-parking orbit phase will
include two complete orbits to allow time for inertial measurement unit
(IMU) alignments, systems checkouts, and ground-based orbit determination.
The duration of the earth-parking orbit phase is approximately 3 hours.

Immediately after orbital insertion the vehicle is oriented so
that the spacecraft longitudinal axis is aligned with the local horizon-
tal, and the crew are in a heads-down position. This relative attitude
is maintained for an IMU alignment which is performed in darkness, and
will require approximately 17 minutes to complete. - S-IVB liquid oxygen
(LOX) venting will occur periodically after this maneuver.

The second IMU alignment (Event 3) will require approximately 52
minutes (ref. 15). This maneuver includes coarse alignment, fine align-
ment, and orientation for the burn. The alignment will be made mostly
in darkness. Immediately after this maneuver, the required inertial
attitude will be established for the S-IVB burn into the high-apogee
ellipse.




10

5.1.3 Simulated Translunar Injection (Event 4).- Prior to the
second S-IVB burn, two events occur: Spacecraft platform alignment
and S-IVB ullage. The purpose of the second S-IVB burn is to simulate
translunar injection for the LIM. The S-IVB will utilize the guidance
equations to be used on a lunar landing mission, although the form of
the target will be slightly modified.

The S-IVB burn injects the vehicle into an elliptical trajectory
which satisfies the deep-space objectives of this mission.

Ignition of the S-IVB occurs at 3 hours, 16 minutes, 22 seconds
g.e.t. The burn lasts 2 minutes, 30.5 seconds, and the vehicle traverses
a central angle of 11° during the burn. Ignition occurs at 27.3° N
latitude and 61.1° W longitude. Burnout occurs at 23.3° N latitude
end 50.4° W longitude, at an altitude of 111.7 n. mi. The AV for the
burn is 4086.35 fps. This second S-IVB burn places the vehicle in an
elliptical orbit with an inclination of 32.6°, a perigee altitude of
107 n. mi., a period of 2.84 hours, and an apogee altitude of 3950 n. mi.
Tracking coverage for this burn is from Merritt Island, Grand Bahama,
Bermuda, Antigua, and the insertion ship. The burn will have coverage
from 17 minutes before to 3 minutes after its occurrence. Attitude data
are shown in table VII. Trajectory parameters during the high apogee ellip-
tic orbits are presented in figures 11 and 12.

5.1.4 Transposition, Docking, and Separation (Event 5).- The

events of the first elliptical orbit begin at burnout of the S-IVB.

LOX venting is planned to occur within 2 minutes after S-IVB cutoff as
required for blowdown. Table VIII gives a detailed time line and figure T
presents plotted data of the transposition and docking. Communication
coverage is shown in figure 10. The spacecraft (S-IVB/IU/IM/CSM) will
establish 0° attitude between the spacecraft +X axis (forward) and local
horizontal and maintain an orbital pitch rate to remain along the local
horizontal. Approximately 15 minutes after cutoff an inertial pitch
maneuver of -103.5° and roll maneuver of -5.2° are required to move the
S-IVB to the solar orientation of 30° with respect to S-IVB X axis for
the desired illumination of the vehicles. This orientation takes approx-
imately 6.5 minutes at the pitch rate of 0.3 deg/sec. This inertial
attitude is maintained throughout the transposition and docking exercise.

+X translation is initiated using 1 fps from the service module (SM)
reaction control system (RCS) quads 22 minutes after cutoff. This

maneuver terminates when the relative range reaches 100 ft and takes
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approximately 1 minute. Another 1 fps is used to null out the 1 fps
introduced during withdrawal. After entering sunlight (26 minutes after
S-IVB cutoff), the CSM is oriented for docking. This requires a pitch
of 180° and & roll of -60°. The crew will have the sun above and behind

them for docking. The next maneuver is the 1 fps transposition back to
the IM. ’

Immediately after transposition back to the IM, soft docking (cap-
ture) will occur which requires approximately 10 minutes. Therefore,
approximately 20 minutes is used in transposition and soft docking. The
hard docking will require 45 minutes following the soft docking. A crew
member will crawl into the docking -tunnel, begin the hard-docking pro-
cedure of throwing eight latches, and crawl back into his couch.

The AV allotted for IM extraction from the S-IVB is 3 fps and is
provided by the SM RCS. The IM is oriented forward in the direction of
motion. After IM extraction, the S-IVB is oriented and vented (blowdown)
to give maximum separation between the S-IVB and the CSM/IM. Blowdown
of the 5-IVB is naminally planned to occur 2 hours after S-IVB cutoff,
but will be initiated immediately after IM separation with a ground com-
mand in the event of an early IM separation. The separation distance
between the S-IVB and CSM/IM is nearly 19 n. mi. until the apogee of the
second ellipse. After the midcourse correction maneuver (Event 8), the
distance increases to approximately 150 n. mi. A 1° plane change is
included in the simulated LOI burn (Event 11) reducing the probability
of recontact with the S-IVB. . :

5.1.5 Platform Alignment (Event 6).- The second ellipse begins
with a platform alignment in the earth's shadow. Alignment requires
approximately 31 minutes.

5.1.6 Deep-Space Navigation (Event T).- Star-landmark sightings
will begin at 3000-n. mi. altitude and will require one, three-axis
maneuver to start the sightings and a pitch and yaw to change target.

Six different landmark sightings (two targets) are planned for this
phase, each requiring 6 minutes. After the sightings and 1 minute before
apogee an orientation will be performed to align the body axis for the
first SPS burn.

~ 5.1.7 Simulated Midcourse Correction Burn (Event 8).- At apogee
of the second ellipse, an SPS burn will be performed to raise perigee to
150-n. mi. altitude and simulate the midcourse correction maneuver. A
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minimum perigee of 150 n. mi. is required to get the minimum required
coverage for the SPS burn to simulate LOI (Event 11) while retaining

the required RCS deorbit capability. This burn starts at 7:31:48 g.e.t.
and continues for 8 seconds. The AV required for this in-plane burn is

55 fps, resulting in s perigee of 1u48-n. mi. altitude. The burn occurs

at 57° E longitude and is tracked by Carnarvon (table IX(a) and fig. 8(a)).
The guidance used for this burn is the external AV mode. Trajectory
parameters during this phase are shown in figure 13.

5.1.8 Deep-Space Navigation (Event 9).- Immediately after the
first SPS burn, another set of six star-landmark sightings will begin.
A total of 36 minutes is allowed for these sightings. The same altitude
requirement exists for these sightings as for the previous set. The
sightings will end at 3000-n. mi. altitude. Star-horizon sightings could
possibly be made for about 13 minutes; then, platform alignment will be
initiated. It may also be possible to make star-horizon sightings in the
first ellipse between the final separation from the S-IVB and the initia-
tion of platform alignment.

5.1.9 Platform Alignment (Event 10).- At 8 hours, 20 minutes
g.e.t., the platform alignment begins for the simulated LOI maneuver.
The schedule allows 31 minutes for this maneuver. The platform alignment
begins with a gross attitude maneuver to bring the selected stars into
the sextant field of view. The RCS propellant budget, shown in table I(c)
allows for one, three-axis maneuver. The fine alignment which follows
requires not more than two, two-axis maneuvers. The fine alignment will
bring the stars into the crosshairs of the sextant. Prior to the sim-
ulated LOI burn, the crew must switch from wide deadband attitude hold
to fine deadband attitude hold to perform the burn. After platform
alignment is completed, the spacecraft is oriented to the attitude re-
quired for the burn.

. 5.1.10 Simulated Lunar Orbit Insertion (Event 11).- The second
SPS burn to lower apogee to 200 n. mi. begins at 8 hours, 52 minutes,
48 seconds g.e.t. The SPS engine burns for 7 minutes, 52 seconds, pro-
viding L4069 fps AV (Lambert's guidance). The characteristics of burn-
out are a flight-path angle of %flh°, a period of 1.5 hours, an altitude
of 148 n. mi., an inclination of 31,9, and eccentricity of 0.007~ This
burh'ls an approximate simulation of the lunar orbit insertion’®’The
radar tracking for this burn as shown in table IX(a) is from Hawaii and
the injection ship. The operational requirement for 2 minutes of track-
ing before and after the burn is satisfied. For more detailed tracking
information, refer to the bar chart in figure 9, which shows Manned

Space Flight Network (MSFN) coverage, major events, and daylight-darkness
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time line for all periods of activities. Trajectory parameters during
this phase are presented in figure 1k.

The groundtrack for the first dey (fig. 8(a) shows the S-IVB in-
Jection burn and the two perigee burns with associated tracking require-
ments. The figure demonstrates the capability of an open-ended mission
in which an orbit is provided whereby the crew could circularize and
continue on with the mission. This capability is desirable because of
the uncertainty in the amount of radiation that may be encountered. Due
to the variation of the flux fields at this altitude and the possible

dispersion of the nominal trajectory, the open-ended type mission was
selected as highly desirable.

The radiation dosage to the crew during the two elliptical orbits
has been calculated to be under the operational limit (ref. 16 and 17).
A measurement of the radiation dosage will be monitored during the mis-
sion. If this measurement indicates excessive radiaetion, the spacecraft
can circularize at the next perigee passage.

5.2 Second Period of Activities

The IM DPS maneuvers, Events 13 and 1ll4, and the simulated lunar

orbit coast period, Event 15, are described below. Figure 3 shows a
schematic of these events.

2.2.1 First Docked DPS (Hohmann) Burn (Event 13).- Event 13 sim-
ulates the Hohmann descent maneuver of the LIM as well as prepares for
the IM main powered-descent simulation (Event 1L).

A 6-second ullage burn immediately prior to ignition of the DPS
engine consumes 8.6 1b of RCS propellant and is achieved by the use of
four 100-1b thrust engines. The DPS burn itself is a near Hohmann type
and lasts for 30 seconds. During this period, 243 1b of propellant are "
consumed, which represents 38 fps AV for docked vehicle configuration.
The ignition of the burn occurs at 71:37:12 g.e.t. at an altitude of
189 n. mi., a latitude of 28° S, and a longitude of 150° E. The station

tracking the burn is Canberra, and the entire maneuver is performed in
sunlight.

The attitude orientation during the burn is retrograde along the
local horizontal and in the plane of motion. The orbital characteristics
resulting from the maneuver are a perigee altitude of 125 n. mi., an
apogee altitude of 192 n. mi., and a period of 1.508 hours.
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Following the first docked DPS burn, a coast period begins at apogee
(192-n. mi. sltitude) and terminates 2 hours, 5 minutes later (138-n. mi.
altitude) when Event 1L is initiated. During this phase a wide deadband
hold (5°) is maintained. Other activities during this phase include a
gross and fine platform alignment, orientation, navigation, communica~
tion, and subsystem checkout to prepare for Event 1L,

5.2.2 Second Docked DPS burn (Event 14).- Event 14 is a continuous,
long duration (12.08 minutes) DPS burn (docked), most of which is applied
out of plane. The docked vehicle configuration was chosen to eliminate
the problem of requiring the CSM to.have IM rescue capability at any
time during vehicle separation. This requirement along with the require-
ment to obtain a full IM DPS duty cycle made the docked vehicle con-
figuration necessary. External AV is the guidance mode used to control
the burn. This guidance logic holds a constant inertial thrust attitude
until a specified AV is achieved by the burn. The target AV vector for
Event 14 was chosen so that the vehicle would end the burn with a small
(approximately 50 fps) additional forward component of velocity. This
additional forward component of velocity was a precautionary measure to
insure that any dispersions during the burn would not place the space-
craft on a reentry trajectory. Trajectory parameters for this phase
are shown in figure 15. Figure 15(e) shows the DPS attitude profile for
this long duration burn. The angle B , shown in figure 15(e), is the
yaw angle, or angle between the thrust vector and vehicle plane of
motion. Figure 15(f) shows the thrust level profile for the long dur-
ation DPS burn. After the initial start phase, during which 30 percent
thrust is applied for 3 seconds and 10 percent thrust for 23 additional
seconds, the DPS engine is held at maximum thrust for 31T seconds, drop-
ped to 60 percent for 215 seconds, and finally dropped to 30 percent
where it is held for the remaining 167 seconds. This thrust profile
simulates the LIM IM duty cycle as closely as feasible in earth orbit.

Event 14 is shown schematically and by a groundtrack in figures 3
and 8(b), respectively, and is tabulated in table IX(b). The maneuver
begins at T3 hours, 45 minutes g.e.t. at an altitude of 138 n. mi., a
latitude of 32° N, and a longitude of 100° W. The maneuver ends 12.08 min-
utes later at an altitude of 127 n. mi., a latitude of 25° N, and a longi-
tude of 48° W. Stations tracking are Texas, Cape Kennedy, Bermude, and
the insertion ship. The maneuver begins in sunlight and ends in darkness.

Immediately before the initiation of the long DPS burn, a 6-second
ullage burn is performed by the RCS engines and consumes 8.6 1b of pro-
pellant. The DPS propellant consumed by Event 1k is 16 852 1b, leaving
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260 1b (1.5%) in the DPS tanks. The 16 852 1b of propellant used repre-
sents 3148 fps AV with the docked vehicle configuration. The resulting

orbital characteristics are a perigee altitude of 127 n. mi., an apogee

altitude of 224 n. mi., and a period of 1.517 hours.

5.2.3 Simulated Lunar Orbit Coast (Event 15).- This phase begins
after Event 14 and ends approximately U46.5 hours later when the third
period of activities is initiated. The spacecraft remains in a docked
configuration and in the same orbit achieved by Event 1k. During this
coast period, a wide deadband hold is maintained by the SM RCS. Tra-
Jectory related activities during this period include navigetion, commun-
ication, and a platform alignment in preparation for Event 16.

5.3 Third Period of Activities

2:3.1 Tunar Module Separation (Event 16).- At 120:30:00 g.e.t.
the two-man IM separates from the CSM with a small retrograde LM RCS
maneuver of about 1 fps while over ship 1 (Mercury). This thrust will
place the IM about 600 ft below and 40O £t behind the CSM at the time
of the fire-in-the-hole (FITH). A diagram showing the events during the
third period of activities is presented in figure k.

5.3.2 Fire-In-The-Hole (FITH) (Event 17).- At 120:42:25 g.e.t.
the IM will begin a 22-second APS burn (FITH) to partially simulate the
ascent from lunar surface. The magnitude of this maneuver was selected
to produce the necessary phasing between the IM and the CSM to perform
a CSM-active rendezvous and to provide a range adequate for the rendezvous
radar test. The DPS is jettisoned at the initiation of the FITH and will
have a nearly impulsive velocity of about 17 fps imparted to it. The
details of this impulse and the subsequent CSM flyby of the DPS are dis-
cussed in section 5.k, Figure 24 shows the relative trajectory between
the IM and DPS from FITH to the APS burn to fuel depletion,

The FITH maneuver is done 9 minutes before sunset while over Floridag
MSFN coverage is possible from Merritt Island Launch Area, Texas, and
Grand Behame Island. TFigure 8(c) shows the groundtracks during this
phase. The IM will be pitched down 62.3° (fig. 16) to begin the 225.9-fps
burn; thus, the resultant incremental velocity will be 102.6 fps in the
direction of motion and 201.2 fps down. The perigee of the IM orbit will
be essentially unchanged in inertial position, thereby simplifying the
subsequent concentric sequence initiation (CSI) and constant differential



16

height (CDH) maneuvers. The IM apogee is raised to 291 n. mi., and per-
igee is lowered to 117 n. mi., which is about 11 n. mi. lower than the CSM
perigee. The purpose of the large change in the IM orbit is to produce
an adequate range between the IM and CSM for the IM rendezvous radar
test. As seen in figure 17, the range reaches a maximum of 298 n. mi.
and is greater than 260 n. mi. for about 30 minutes prior to the CSI
maneuver, thus meeting the requirements for the rendezvous radar tests.
After FITH the IM will move shead of the CSM for about 41 minutes, but
due to its higher apogee the IM will eventually go above and drop behind
the CSM (fig. 21 and 23). The look angle from the IM to both the CSM
and the DPS during the period from FITH to CDH is approximately the same
(fig. 19); thus, if the IM to CSM radar does not provide very accurate
pointing data, it may be problem for the IM Apollo optical tracker (AOT)
to distinguish between the CSM and DPS especially at times near sunrise
and sunset when both vehicles are illuminated by reflected sunlight. In
darkness, of course, the DPS will not be visible since it will not have
lights. Figure 20 indicates the sun angle off the line of sight from
the IM to the CSM and from the CSM to the IM during the rendezvous.

5.3.3 Concentric Sequence.-~ In order to provide a large range
(298 n. mi.) between the IM and CSM and yet retain a desirably low
differential altitude (AH) of between 10 and 15 n. mi., it was necessary
to schedule the FITH, CSI, and CDH maneuvers each a full orbit apart
to allow for adequate IM separation and catch up. Therefore, the CDH
was performed at the second apsis crossing point. Although this option
is in the CSI logic, the nominal lunar orbit rendezvous plan does not
currently meke use of it.

© 5.3.3.1 Concentric Sequence Initiation (Event 18): At 122:26:32
g.e.t. the IM will initiate the CSI burn (computed onboard) of 16L.L fps
retrograde. This horizontal maneuver provides the proper phasing bet- _
ween the IM and the CSM (fig. 18) for the CDH maneuver. The CSI burn is
done at IM perigee to preserve the differential altitude of about
11.5 n. mi. The APS will be burned for about 15 seconds while the LM
is being tracked by Antigua and the insertion ship (Vanguard). The re-’
sultant IM orbit has a 195-n. mi. apogee and a 116-n. mi. perigee. At
the time of CSI the IM trails the CSM by about 278 n. mi. '

5.3.3.2 Constant Differential Height maneuver (Event 19): The
CDH is done at perigee at 123:55:57 g.e.t. to produce a IM orbit about
11.5 n. mi. below the CSM. Due to the elliptical orbits, the AH will
vary from about 11.3 n. mi. to 12.5 n. mi. The 32-fps posigrade burn
(26 seconds) is done with the RCS as the IM passes over Florida and is
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tracked by the Merritt Island Launch Area and Grand Bshama Island. This
maneuver raises apogee to about 206 n. mi. and occurs as the vehicles
enter darkness.

5.3.3.3 Terminal Phase Initiation (TPI) (Event 20): Since the
current desired lighting for TPI occurs about 1l minutes prior to sun-
set with a pitched up attitude of 26.7°, (relative elevation angle of
CSM measured with respect to the IM) the IM must travel about T4 minutes
after CDH to arrive at this condition. At the time of TPI, 125:10:19 g.e.t,
the velocity increment needed is only about 24 fps to place the IM on
an orbit to intercept the CSM after ebout 140° of CSM orbital travel.
Therefore, the IM RCS is burned for 20 seconds at a pitch up of about
33.1° from the local horizontal. Figure 23 shows the relative motion
during terminal phase. Tracking coverage of the TPI will be from Hawaii,
although the radar elevation angle at the start of the burn may be below
5°.

5.3.3.4 Terminal Braking (Event 21): The manual IM braking sche-
dule followed is similar to the now-eliminated automatic gates shown
below:

Range Maximum allowable
range rate
5 n. mi, | 80 fps
3 n. mi. 30 fps
1l n. mi. 10 fps
500 ft 5 fps

Since the closing rate for an intercept from a AH of asbout 11.5 n. mi.
is about 24 fps, the first two gates are passed. At a range of 1 n. mi.
125:42:00 g.e.t., the IM is approximately 0.70 n. mi. below and 0.71 n. mi.
ghead of the CSM. At this time the RCS is used to apply a posigrade
AV of 13 fps, thus reducing the range rate to 10 fps. The thrust angle
is about 50° below the local horizon. After closing to 500 ft, the
IM RCS applies 8 fps posigrade AV with a thrust angle of 29° below the
local horizontal. Station keeping is considered to begin about 2.5 min-
utes later at 125:53:00 g.e.t. as the vehicles pass south of Ascension.
Soft docking is initiated about 13 minutes later.
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5.3.4 Hard Docking (Event 22).- By the time the vehicles pass
Guam at 126:35:00 g.e.t., the IM should be hard docked. The CSM-IM per-
igee and apogee will be approximately 128 and 217 n. mi., respectively,
until the CSM separation and APS burn to depletion, which occurs sbout
1.5 hours after hard docking.

5.3.5 C(SM Separation (Event 23).- At 128:00:00 g.e.t., the CSM
will separate from the unmanned IM in preparation for the APS burn to
fuel depletion. The SM RCS is used to apply a l-fps maneuver to sep-
arate the CSM from the IM out of plane to the south such that the vehicles
are about 1000 ft apart at the time of the APS burn.

5.3.6 APS Burn to Depletion (Event 2L).- At 128:25:1k g.e.t.
over Hawaii and just prior to sunset, the APS begins a burn of 5552 fps
out of plane to the north. The APS is yawed left 95.7° so that at the
end of the 365-second thrust, the resultant velocity increments are
30.4 fps in the direction of motion and 5551.9 fps out of plane. The
inclination of the APS orbit is lowered to 22.5°,.and perigee and apogee
become 128 and 234 n. mi., respectively. The resultant separation at
the end of the burn is about 149 n. mi. with the IM to the northeast of
the CSM. Figure 25 illustrates the separation between the CSM and the
APS after the APS burn, and shows that there is no possiblility of re-
contact.

5.4 Fourth Period of Activities

The mission requirement to perform a CSM-active rendezvous from
gbove can be satisfied only by a catch up and close flyby of the DPS
during the fourth period of activities since the IM APS is to be burned

to depletion, causing a large separation and even the possibility of APS
disintegration.

- At the time of the FITH maneuver, 120:42:25 g.e.t., the DPS is jet-
tisoned at about 17 fps (fig. 5). Due to the IM attitude for the FITH,
the velocities are imparted opposite the direction of motion and upward,
about 7 fps and 15 fps, respectively, thereby causing the DPS to fall
behind and to move above the CSM and IM initially (fig. 22). After about
36 minutes, however, the DPS moves below and ahead of the CSM at the rate
of about 26 n. mi. per orbit. Thus, after about 11 orbits (at the time
of the CSM phasing maneuver) the DPS will lead the CSM by 287 n. mi.
(fig. 26).

5.4,1 (SM Phasing Maneuver (Event 25).- At 137:04:59 g.e.t. the
CSM will perform an SPS maneuver to begin closing on the DPS which leads
by 287 n. mi. The ground-computed maneuver will produce the desired
height (CSM 5 n. mi. above) and phase offset (CSM 57 n. mi. shead) at the
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time of the CSM CDH maneuver sbout six orbits later. It is done eight
orbits after the APS burn to depletion to provide ample time for ground-
radar skin tracking of the DPS and to allow one sleep period on the CSM.
The maneuver occurs over the Atlantic with possible low coverage by
Antigua (fig. 8(d)). The resultant CSM perigee and apogee after the
59.k4-fps burn (2.6 sec) are about 109 and 219 n. mi., respectively. The
relative motion between the CSM and the DPS can be examined in figures
30(a) and 30(b). :

5.4.2 CSM Constant Differential Height (Event 26).- The SPS burn
of T7.35 fps will be initiated at 1L45:45:58 g. €. t. as the CSM passes
over Carnarvon. The resultant CSM 133-by 215-n. mi. orbit will be about
5 n. mi, above that of the DPS until TPT, 92 minutes later. The crew
will take sextant sightings on the DPS when possible in order to deter-
mine the DPS orbit and thus calculate TPI. Since the DPS will not have
eny lights, these sightings will be possible only during the daylight
period from about 145:40:00 to 146:35:00 g.e.t. as the range decreases
from 60 to sbout 32 n. mi. Figures 28(a) and (b) and 29 show the look
angles to the DPS and to the sun, respectively. The groundtrack is shown
in figure 8(e).

5.4.3 CSM Terminal Phase Initiation (TPI) (Event 27).- At
147:18:27 g.e.t. the CSM performs the RCS-TPI burn of 10.3 fps (pitched
down 27.7°) to place the CSM on an orbit to intercept the DPS after about
140° of IM orbital travel (fig. 27). The maneuver occurs just prior to
the Carnarvon pass about 7 minutes after sunrise. This lighting condi-
tion was chosed to insure a daylight flyby of the unlighted DPS about
35 to 40 minutes later.

" 5.4.4 Flyby (Event 28).- The CSM will approach within 0.3 n. mi.
of the DPS at about 140:00:00 g.e.t. (fig. 31). The closest approsach
occurs as the vehicles pass over Guaymas. The decision was to forego
an actual rendezvous (braking) since the SM RCS propellant required
would probably exceed the margin budgeted for deorbit backup requirements.
Thus, the CSM will continue past and move away from the DPS at about
23 n. mi. per orbit (fig. 30(b)).

5.4.5 Simulated Transearth Injection (TEI) burn (Event 29).- The
fifth SPS burn, at approximately 149 hours, 10 minutes g.e.t., is a
simulation of the transearth burn of the AS-504 mission. The burn fol-
lows the same sequence, although the AV is about one-third that of the
AS-504 TEI burn. The AV used for this burn is T09 fps and leaves a suf-
ficient propellant margin for the deorbit burn. This burn has three
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major functions. One function is to simulate the AS-50L4 time line. The
second is to change the basic orbit for better SM RCS deorbit capability.
The third function is to move the line of apsides to get better lighting
at landing in the western Atlantic.

All the radar tracking of the simulated TEI burn is done over Guam.
This burn occurs in daylight and terminates at an altitude of 193.T7 n. mi,
a latitude of 15.86° S, and longitude of 138° W. The ullage propellant
required for this burn is approximately 15 1b using two Jets. The SPS
burn duration is approximately 29 seconds and consumes 1855 1b of pro-
pellant. Trajectory parameters for this phase are shown in figure 32.

5.4.6 Simulated Transearth Coast (Event 30).- The 89-hour coast
period simulates the AS-504 transearth coast period. No major activities
are planned for this period. Other expermiments are required on this
mission and can be done during this activity, but will require a better
definition of the objectives for a simulation. However, it should be
noted that at this point, only 816 1b of SM RCS propellant remain for

use. Of this amount, 751 1b must be reserved for an RCS backup deorbit
contingency.

5.5 Fifth Period of Activities

5.5.1 SPS Deorbit Burn (Event 31).- At the end of the 89-hour.
simulated transearth coast at 238:39:24 g.e.t., the CSM is oriented to
the SPS deorbit attitude. The orientation (fig. 33) is such that the
CSM is in a head-ups, retrograde attitude and pitched downward 49° with
respect to the local horizontal. Such an orientation allows the crew-
men to observe the horizon during the deorbit burn. The AV imparted
to the spacecraft is 370 fps and the SPS propellant consumed is 915 1b
The 1l4-second burn, initiated at 238:41:24 g.e.t., places the CSM on an
earth-intersecting ellipse and produces an inertial flight-path angle
of -1.7° and an inertial velocity of 25 750 fps at the entry interface
altitude of 40O 000 ft. The deorbit burn is designed so that splash-
down occurs near the center of the western Atlantic primary recovery
area. Radar coverage for the burn is furnished by the entry ship, Water-
town, located at 10° N latitude and 180° longitude. The mission events
and groundtracks during the fifth period of activities are shown in
figures 6 and 8(f), respectively.
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5.5.2 CM/SM Separation (Event 32).- A coast of 22.7 minutes fol-
lows the deorbit maneuver until the entry interface altitude is reached.
Figure 3U4 shows trajectory parameters during this coast period. Approx-
imately 5 minutes prior to reaching this altitude, the SM is Jettisoned
and the CM maneuvers to the desired entry orientation. The SM is jet-
tisoned at a pitch attitude of epproximately 60° above the local horizon-
tal by burning the -X SM RCS jets to propellant depletion. Following
SM Jettison, the CM is oriented to the desired entry attitude while
coasting to the entry interface.

5.5.3 Atmospheric Reentry (Event 33).- The CM reenters 9 days,
23 hours, 4 minutes and 6.5 seconds after 1ift-off. The reentry point
is at an altitude of LOO 000 ft with a geodetic latitude and longitude
of 28.00° N and 89.43° W, respectively. Landing occurs about 17 minutes
later, approximately 800 n. mi. southeast of Bermuda at a geodetic lat-
itude of 21.3° N and a longitude of 58.60° W. The local time at land—
ing is 5:21 p.m. The nominal reentry groundtrack and maneuver envelope
are illustrated in figure 35. The reentry range is approximately
1730 n. mi., and the reentry time from LO0 000 ft to drogue chute deploy-
ment is 10.7 minutes. There is an additional 6.3 minutes from drogue

chute deployment to splashdown. Table X presents the reentry state
vector.

5.5.3.1 Reentry Targeting: Figure 36 presents the overshoot and
undershoot boundaries for the AS-503 mission. The reentry corridor is
based on a reentry reference altitude of LOO 000 ft. ILine A in figure 36
defines the set of velocities and corresponding flight-path angles
that result in a reentry trajectory which reaches a peak altitude of
L00. 000 ft after the initial reentry into the atmosphere. This line is
based upon & lift-vector-down spacecraft orientation until a load fac-
tor of 0.2 g is reached, followed by a zero-lift orientation (90° bank
angle) until peak altitude is reached. This skip-out boundary is a
conservative line based on a lift-to-drag ratio (L/D) of 0.40 and a 60°
winter, thin atmosphere as defined in reference 18. Line B defines
an overshoot boundary based on a constant flight time from 400 000-ft
altitude to splashdown of L0 minutes of which 7 minutes is allowed for
parachute descent. The spacecraft is held in a lift-vector-up attitude
throughout reentry. The LO-minute reentry time defines the environmen-
tal control system (ECS) limitation which is a function of CM battery
lifetime. The battery capability of the CM is based on a U4S5-minute
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flight time after electrical power system (EPS) switchover fram the SM
to the CM power source with 48 hours allowed for post landing time. The
5-minute difference is the time from CSM separation to reentry interface.
The two undershoot boundaries, lines C and D are the combination of re--
entry velocities and flight-path angles that result in load factors not
grester than 10 g during reentry based on zero-lift trajectory profiles.
Line C is for a L/D of 0.4, and line D is for a reduced L/D of 0.3. Both
were generated using a 60° winter, thin atmosphere. The target line E
in figure 36 represents a line which is approximately centered in the
reentry corridor. Also shown in figure 36 as dashed lines is a conser-
vative estimate of the reentry flight-path angle dispersions based upon
a manual deorbit mode as discussed in reference 19. Even with these
dispersions a safe reentry is possible.

5.5.3.2 Spacecraft Data: The trim aerodynamic coefficients for
the spacecraft are shown in table II. Above Mach 6 the CM has a constant
lift-to-drsg ratio, L/D, of 0.353 qnd a ballistic coefficient, W/CDA, of

76.03 lb/ft2 for the 12 000-1b command module. The CM center of gravity
and aerodynamic characteristics as a function of angle-of-sttack and
Mach number were obtained from reference 10 and were used in computing
the trim aerodynamic coefficients. The trim aerodynamic data correspond
to a center-of-gravity position of 1040.2 inches in X, 0.0 inches in Y,
and 5.8 inches in Z, where the X, Y, Z coordinates are defined in fig-

ure 37. The reference area used in these computations is 129.35 ftz.
Figure 37 also shows the aerodynamic force geometry of the spacecraft.
The 1lift coefficients, CL, and drag coefficients, CD’ are shown in the

positive direction. The aerodynamic coefficients shown in table II do
not. include coefficient variations due to center-of-gravity caused by
attitude control propellant consumption and heat shield ablations.

Parachute drag data for the drogue and main chutes are presented
in table III. These data were obtained from reference 10 and are based
on drogue chute deployment at 23 500-ft altitude and main chute deploy-
ment at 10 200-ft altitude. The forward heat shield, ablator burnoff,
and about one-third of the attitude control propellant are assumed jet-
tisoned at drogue chute deployment, thus reducing the spacecraft weight
to 11 364 1b. The drogue chute and remaining attitude control propel-
lant are assumed jettisoned at main chute deployment which agsain lowers
the spacecraft weight to 11 127 1b.
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5.5.3.3 Reentry Simulations: The reentry trajectory simulation was
made with a four degrees-of-freedom computer program. Three degrees-of-
freedom define the translational motion of the spacecraft center of
gravity, and the fourth degree-of-freedom defines the spacecraft roll
attitude. The reentry program includes a simulation of the roll channel
of the stabilization and control system (SCS) and assumes the spacecraft
to be trimmed in pitch and yaw. In conjunction with this, the reentry

guidance logic defined in reference 1l was used to simulate the guided
reentry trajectory.

The aerodynamic heating during reentry is an arithmetic sum of the
convective and radiative heating. The convective heating rate is defined
in reference 20. The radiative heating rate, was determined by using
a table look-up routine which was developed by the Aerodynamic Branch
of the Advanced Spacecraft Technology Division. A multiplying factor
of 0.5 was used to make the radiative heating rate compatible with the
point on the heat shield for which the convective heat was determined.

5.5.3.4 Reentry: The nominal reentry maneuver envelope and ground-
track and significant events are shown in figure 35(a). The maneuver
envelope was determined by holding the CM 1lift vector at a series of
constant bank attitudes with the bank angle varied between 0° and +90°.
Figure 35(b) presents the SM maneuver envelope.

Figure 38 presents the altitude-range profile of the nominal reentry
trajectory. The primary trajectory and guidance events are indicated on
this figure. Figure 39(a) depicts the VHF, S-band, and C-band communi-
cations blackout regions of the reentry trajectory. The data for the
blackout regions was obtained from reference 21. Figure 39(b) shows the
radar tracking stations which may be used during reentry. During the
blackout period the stations must have skin-track capabilities. This
figure shows which stations will be skin-tracking the spacecraft.

Figure 40 presents significant reentry trajectory parameters as a
function of time from 1lift-off.  The maximum total heat rate obtained

was 56.3 Btu/ftz/sec with a total heat load of 13 571 Btu/ftz; The
maximum load factor experienced for this trajectory was 2.96 g. Fig-
ure 40(d) shows the nominal AGC display key (DSKY) quantities with the
display beginning at 0.2 g during a nominal reentry based on this tra-
jectory. Figures 40(e) and 40(f) show significant parameters for the
drogue and main chutes based on a normal deployment sequence.
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5.5.4, Landing (Event 34).- The mission is terminated at
239:21:07 g.€.t. with CM splashdown at 21.3° N latitude and 58.6° W
longitude. The total ground range from entry interface to landing is
approximately 1730 n. mi.

The estimated SM ballistic impact point (IP) coordinates are 25.3°
N latitude and 73.7° W longitude. The approximate ground range of the
SM impact point is 150 n. mi. from the nearest land mass (Bahema Islands)
and 930 n. mi. from the CM landing point.
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TABLE I .- SPACECRAFT }N’BUDGET - Continued
(d) sM RCS AV Budget
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Initiation, Fuel Total fuel
hr:min:sec SM RCS maneuvers Maneuver used, for event,
g.e.t. attitude 1b 1b
3:38:52 Transposition (pullout) +1 fps 6.7
Stop -1 fps 6.7
Pitch 180° (2°/ 9.1
sec)
Roll 60° L,1b
Start back +1 fps 6.7
Stop -1 fps 6.7
3:58:52 Soft docking 7.6
L35
h:43:52 CSM/IM separation 3 fps 33.4 76.9
from S-IVB
Platform alignment
Gross maneuver 1, 3 axis 9.52
Fine =alignment 2, 2 axis |16.8 26.32
6:53:00 Nav. sightings
Gross maneuver 1, 3 axis 9.52
(To pick up stars)
Establish pitch rate 1.00
Maintain local vertical .2° dead-
band .5
Change target pitch & 4.5
yaw
Establish pitch rate 1.0
Maintain local vertical 5 17.02
T:29:30 Orientation prior to first
SPS burn 1, 3 axis 9.52
T:31:32 1 SPS burn (5L.7)
Roll control .08
Shutdown transient 1.0
Switch wide to fine 9.52 .
prior to burn 20.12
7:33:00 Nav. sightings (36 min,)
Gross maneuver 1, 3 axis 9.52
Establish pitch rate 1.00
Maintain local vertical .2° dead-
band .5
Change target pitch & yaw L5
Establish pitch rate 1.00
Maintain local vertical |.2° deadband .5 17.02
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TABLE Is - SPACECBﬁFT AV BUDGET - Continued
7
(d) SM RCS AQ Budget - Continued

Initiation,
hr:min:sec
g.e.t.

SM RCS maneuvers

Maneuver
attitude

Fuel
used,
1b

Total fuel
for event,
1b

8:20:00

8:52:48
9-72

T2-Th

T4-120

120:00:00

136:34:59

28:015:39

Platform alignment
Gross maneuver
Fine alignment
Switch wide to fine dead-
band
Orientation
Fine deadband hold

2nd SPS burn
Roll control
Shutdown transient

{Maximum deadband hold
for 63 hours)
(could just sleep)

(Deadband hold during
first and second DPS burn

Maximum deadband hold
2.6 #/ar for fine DBD hold
1.2 lb/hr for wid. deadband
hold

Platform alignment
Prior to separation
Gross maneuver
Fine alignment
Fine deadband hold for
separation
watching IM while APS (fifth)
gextant sighting on descent
Fine deadband hold during TPF
Sighting during TPF
Fine attitude hold during
docking

CSM separation from APS
Sighting on APS during
burn

Platform alignment
Gross maneuver
Fine alignment
Orientation

Ullage 2 jet

axis
axis

n =
.
n w

axis
axis

o
. .
oww

1, 3 axis
2, 3 axis

1 fps
2 rolls
1, 3 axis

2, 3 axis
1, 3 axis

v

1.0
10.0

w
O\ o

20.0

45.39

5.6L

16.0
10.0

5.b

20.

5.3

22.2




TABIE I .- SPACECRAFT AV BUDGET - Contimued
(d) SM RCS AV Budget - Continued
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215:31:00

Deorbit burn

[nitiation, Fuel Total fuel
hr:min:sec SM RCS maneuvers Maneuver used, for event,
g.e.t, attitude 1b 1b
137:4:59 Third SPS burn (phasing)"
Roll control )
Shutdown transient 1.0
Switch wide to fine 1.8 3.3
137-145 Maximum deadband hold 5°/sec 2.0 2.0
145:14:58 Platform alignment
Gross maneuver 1, 3 axis| 1.8
Fine alignment 2, 2 axis] 3.6
Orientation 1, 3 axis| 1.8
Ullage 2 jets 1, 3 axis| 15.0 22.2
145:45:58 kth SPS burn (cs1)
Roll control 0.0
Shutdown transient 1.0 1.0
Sextant sighting (10) 10 rolls 3.0
Switch wide to fine 1.8 4.8
147:3:41 Platform alignment
Fine alignment 2, 2 axis| 3.6
Orientation 1, 3 axis| 1.8
147:18:41 RCS burn (TPI) 10.3 fps | 32.45
Attitude control : .1
Fine deadband hold 1.0 hr 2.6 40.55
149:00:00 Platform alignment
Fine alignment 2, 2 axisgl 3.6
Orientation 1, 3 axis| 1.8
Ullage (2) 2 Jets .15
149:31:00 5 SPS burn (TEI)
Switch to fine deadband
149:33:00 Roll control 2.0
Shutdown transient 1.0 25.20
149-215 Maximum:
Deadband hold _ 5%/sec 13.
(small attitude changes
for experiments) 12. 25.00
215:00:00 Platform alignment
2.0 Gross maneuver 1, 3 axisg| 1.8
Fine alignment 2, 3 axis| 3.6
1.7 Orientation 1, 3 axis 1.0
Ullage 2 jets 15.0 21.40
L5k, 16
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TABLE J'.- SPACECRAFT AV BUDGET - Continued

N ]
(d) SM RCS AV Budget - Concluded

Initiation, Maneuver Fuel Total fuel
hr:min:sec SM RCS maneuvers attitude used, for event,
g.e.t. 1b 1b
SM spinup 8.0
SM jettison 14.0
RCS deorbit (153 fps) minimum 550
The redline in reference 20 Used, nom 454,16
takes T51-1b total fuel redline 751.00
1205.16
Margin 18.84




TABLE I .- SPACECRAFT AV BUDGET - Continued

(e) IM RCS AV Budget
"\

31

g:e.t. Event Vghicle' Fuel used,
hr:min:sec configuration 1b
71:07:14 Platform alignment at .5 deg/sec CSM/1LM/DPS - -
Gross alignment (1-3 axis) CSM/IM/DPS 8.8
Coarse alignment (2-2 axis) CSM/IM/DPS 16.8
Fine alignment (2-2 axis) CSM/IM/DPS 16.8
Orientation (1-3 axis) CSM/IM/DPS 8.8
Switch to FDB (.3°) (1-3 axis) CSM/IM/DPS 8.8
DPS start transient CSM/IM/DPS 10.0
Ullage for 1lst DPS burn
(L jets for 6 sec) CSM/IM/DPS 8.6
T1:37:14 Attitude control during 30 sec
DPS burn CSM/IM/DPS 2.1
DPS shutdown transient CSM/La/DPS 0.6
WDB hold (5.°) for 1.6 hr CSM/LM/DPS 0.3
T3:1k:45 Platform alignment at .5 deg/sec CSM/IM/DPS - -
Gross alignment (1-3 axis) CSM/1M/DPS 8.8
Fine alignment (2-2 axis) CSM/IM/DPS 16.8
Orientation (1-3 axis) CSM/1M/DPS 8.8
Switch to FDB (.3°) (1-3 axis) CSM/1M/DPS 8.8
DPS start transient CSM/LM/DPS 1.0
Ullage 2nd DPS burn
(4 jets for 6 sec) CSM/IM/DPS 8.6
T3:hh:hs5 Attitude control during 725 sec
DPS burn CSM/IM/DPS T.2
120:30:00 IM separation from CSM (1 fps) IM/DPS 1.8
Platform alignment at 3. deg/sec IM/DPS --
Fine aligmment (2-2 axis) IM/DPS 2.0
Orientation (1-3 axis) IM/DPS 1.3
Switch to FDB {.3°) (1-3 axis) IM/DPS 1.3
Ullage for lst APS burn
(4 jets for 3.5 sec) LM/APS 5.0
120:42:25 Attitude (moment) control during
22 sec APS burn LM/APS 10.2
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TABLE I.- SPACECRAFT AV BUDGET - Concluded

?
{e) LM RCS AV Budget - Concluded
tN

g.e.t. Vehicle Fuel used,
hr:min:sec Event configuration 1b
WDB hold (5.°) for 1.5 hr IM/APS 0.5
122:11:32 Platform alignment at 3. deg/sec IM/APS - -
Gross alignment (1-3 axis) IM/APS 1.3
Fine alignment (2-2 axis) IM/APS 2.0
Orientation (1-3 axis) LM/APS 1.3
Switch to FDB (.3°) (1-3 axis) IM/APS 1.3
Ullage for 2nd APS burn
(4 jets for 3.5 sec) IM/APS 5.0
122:26:32 Attitude (moment) control during
15 sec APS burn IM/APS 10.2
WDB hold (5.°) for 1.3 hr © IM/APS 0.5
123:40:57 Platform alignment at 3. deg/sec IM/APS - -
Fine alignment (2-2 axis) LM/APS 2.0
Orientation (1-3 axis) IM/APS 1.3
Switch to FDB (.3°) (1-3 axis) LM/APS 1.3
123:55:57 RCS burn for 26 sec (4 jet) LM/APS 38.0
WDB hold (5.°) for 1.0 hr IM/APS 0.b
124:55:19 Platform alignment at 3. deg/sec IM/APS - -
Fine alignment (2-2 axis) IM/APS 2.0
Orientation (1-3 axis) LM/APS 1.3
Switch to FDB (.3°) (1-3 axis) IM/APS 1.3
125:10:19 RCS burn for 20 sec (L jet) ILM/APS 29.0
FDB hold (.3°) for .5 hr IM/APS 3.9
125:27:00 Platform alignment at 3. deg/sec IM/APS - -
Fine alignment (2-2 axis) LM/APS 2.0
Orientation (1-3 axis) IM/APS 1.3
125:42:00 RCS burns for terminal rendezvous
rendezvous (k jet) 1M/APS 57.0
126:35:00 Hard docking IM/APS 60.0
Attitude control during APS
burn to depletion IM/APS 11.0
Total fuel USed, 1D « « v o o o o n e e e e e e e e e e e . 39T.1




'TABLE II/- AERODYNAMIC COEFFICIENTS AT TRIM ANGLE

OF ATTACK AS A FUNCTION OF MACH NUMBER

M Otrim | CL trim | ©D trim | L/Dtpin
0.2 17h.LT | 17947 .8L682 .15289
0.4 167.20 .25715 86124 .29857
0.7 165.31 .21798 .94879 .2297h
0.9 160.97 .31036 1.0k70 .29652
1.1 155.95 45729 1.1859 .38560
1.2 154.55 49591 1.2131 L0880
1.35 153.40 «55037 1.2753 43157
1.65 | 153.27 54235 1.2779 Ju2kho
2.0 153.16 .52lk2 1.2759 141103
2.4 153.68 .hgolly 1.2351 .Lok38

3.00 | 15h.64 | .h88h9 | 1.2096 .10385
6.0 156,64 43103 1.2202 .35326
25.0 156,64 43103 1.2202 35326

33
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TABLE III.- PARACHUTE DATA

(a) Drogue Chutes

Event

Time after
23 500-ft altitude,

CDS per, chutea,

sec ft2
High altitude baroswitch closed 0.0 0
Deploy drogue chutes 2.0 0
Drogue chute reefed inflation 2.8 40
Drogue chute discrete 10.8 40
Drogue chutes full open 11.0 68
(b) Main Chutes
Time after a
Event 10 200-ft altitude, |(CpS perechute 5
sec ft

Low altitude baroswitch closed 0.0 0
Main chute line stretch 2.0 0
Reefed inflation 3¢5 300
Begin main chute disreef 10.0 300
Disreefing 12,5 2150
Main chutes full open 15.0 L4000

aDrag of the command module is not included.

main parachutes are deployed.

Two drogues and three




35

suerd-ut A BITOD TBUILRXD N2 T g€ (8ds/MSD) uang 3TqI08(q 1€
YJIBaSURIY

sueTd-go-qno A B3P TEWINXd Me:0T:6NT PajeTNMTS 0 WIng SdS U3§ 62

suetd-ut A BITOP TeuIagxd L2iQTs LT Idl £0F umq SOU/WSO Lz
queosop U3 TM SuTtseyd

sueTd-ut A ®B}TOP TeUILX® 992 GM: SN 383 03 wing §d§ uIf 92
quaossp yjTm Surseyd

sueTd-ut A ®BYITSP TEUILS}XS 643103 LET 403 04 uanq SdS PI¢ 4

sueTd-yo-4mo A ®BITSP TBUISYXD T 623821 Sdv/W1 uctyeTdep 09 uwing e

A ®BITSP TEUJISIXS 00:00: 82T (S04/MSD) uotqesedsg €2

Jaoqure] T€:€92 92T (Sou/WT) (2) swinq Jdl 2

A BITSPp TeuI9lX® ‘ 652 TT: 52T (So¥/WI) uwImq IdL 0¢

A BITOP Teulsgxe L8643 €2T (S0¥/WT) wIng HAO 6T

A ©3ITSP TBUILS}X® rASIe AN LA (Sdy/WI) urnq. ISO g1

A ®B3TOP TeUIS}XS Geiehoet (Sdy¥/WT) winq u3g LT

A ®BATOP TeUJIRXS 0:0€: 021 (s0¥/W1) uoTjeredag 9T

aueTd-J0-3n0 A ®3TEP TEUISgXS ST €L umq §4q Paxoop pPug Nt
998Taad aemoT

wng suetd-ut A ®B3ITOP TeulagXxa T LE Tl 01 wIing Sdd pPeqoop 15T €T

utng sueTd~ut }JI9quBT gh:2at g 9Z TIBTNOJTO 04 uwmqg &Js I

uwing suetd -uT A BATSP TeRUISgX? [SFATR (S IA wing UOT308d100 9SINOOPTH o]

“1°5°8 STNpow 3AT3O® pur *ON
JUIWIO) pasn aouepIn) D9S:IUTW: Iy uotqdtIossp quaax JUIAT

‘uoTyBIITUT
Jo eumrj

Ndng HOVE 04 dASN HONVAIND IJVHOIOVAS —"AI IGVL




36

SPUATITY

0° 000522 00000000° 0 99TH09* &1~ Llzonl: Le Kxsue) pueld IAD
0°000622 00000000° 0 9999T6.16° 8Nt 22e2ge 66 e BIISqUEBD 4ND
0000522 6T69T690°0 TOETHHE L 77T - GGGERROE LT wreny yno
- 0000422 grE660E0° 0 Zelnenzl €11 81296L06° %12~ UoAIRUIED g0
0-000%22 HeEeeSHY" 0 GEG6ELIT - £E€QGESSH O PTIPEN av
- 0° 000622 6THS0E0E " 0 6gglelet w1~ gTHE2GG6" L- uoTSus0Ssy osv
07000422 000000000 0000006.L° 19~ HHOTO" LT endTuy INV
0° 000422 gHEEETTO" O TTIQTRSY" 19~ ©6982TSE " 2E epnmIag vagd
0°0005¢22 00000000" 0 QLLL)I2GaT gl 9999TH%9* 92 ewreysd, PUBID 190
0°000%2e 86.2,900°0 TT9nL9eS 08~ 23212805° 82 PUBTST 33TII3H VIIH
0° 000522 00000000° 0 00000000° 05~ 00000000° 62 drys uoT3xasul QEVIONYA
0°000622 00000000° 0 CEEEEgLE" 16 TTIT98G9" L2 T3sTayd sndxo) XL
0000622 00000000 0 00000000° 0T 00000000° ST~ (2) drus 30sful ANOLSTTY
0°000622 2L6ghoTO 0 9T6%goCSL 01T~ 01902£96"° L2 ‘xol ‘seudEnd WAD
0000622 9TgSHTES 0 £€geeclyg  oTT- 00669THE * 6€ 3u03SPToD IS9
07000622 00000000 0 00000000° GET- 00000000° 02 (1) drus 30eful A0
0000622 1£288¢19°0 9£922L99 65T~ 6121082122 TTEME] MVH
1w U CTWw U 3ap Fap (gsn)
¢ adura ¢ (T2AST BIS UBIU ¢ apn3tBuot ¢apniTaeT Elicled S19939T
Juetg sA0QE 3YSTaU) 0T139P03) 9139p03) uoT3eIg TT®D

SNOIIVIS aNVE-S QIIAINA HOMIAN aNfO¥D ~*A FIEVL




37

X X X X X (0¢) gsn ATeur) puB.zd) IXD
(¢g) dsn BII2qUB) aND

X X X (0g) dsn weny) Voo
X X X X X (0¢) gsn UOATBUIE) 040
(¢g) gsn PTIPB .o«z

X X X X (0o¢) dgsn UOTSUIVSY sy
X X X X X (o¢) gsn Bnd Tauy INY
X X X X X (0g) aan BpNWISE Y@
X X X X X (o¢) gsn guByed puBID Iap
X X X X X (o¢) gsn pusTsI 33TIIN VIIN
X X X X (o¢) dsn dTys uoTIILSUl | QUVNONVA
X X X X (o¢) gsn T9sTay) sndaoy XA,
X X X X (o¢) gsn (2) drus 3oafur ANOLSTTY
X X X (og) gsn 02TX3 ‘sewdeny WXD
(68) dsn 3UOYSPTOH LsD

X X X X (og) dsn (t) drus 303fur FHNOYAN
X X X X X (og) dasn TTBMBH MYH

(H-00m) (33718-U0)
30T0A KxqewaTag KxqswaTay puBuWC O IepBI pueq-g sweu sI3%39T
JHA JHA JHA JHO pusq-o PaTFTUN U081 TT®D

arqeTIBAy Juswdinby Jo adAg

IHRAITINOE SMOMLEN QNNCHD -°IA HTIVL




38

TABLE VII.- SPACECRAFT RELATIVE ATTITUDES AT EVENT INITTATION

Relative Attitudes®, deg
Event

Pitch Yeaw Roll

(a) First Period of Activity, CSM

S-IVB cutoff (event k) 0.0 0.0 180.0
(headsdown)
Solar orientation (event 5) -85.1 0.0 -174.8
First SPS burn (event 8) 0.0 0.0 0.0
Second SPS burn (event 11) 153.0 7.2 176.3

(b) Second Period of Activity, CSM (CSM/IM docked)

First DPS (event 13) _ 179.7 0.0 180.0
(headsdown)
Second DPS (event 14) 159.9 -87.5 159.9
Pitch = Angle between spacecraft X-axis and local horizontal plane
Yaw = Angle between spacecraft X-axis and the vertical plane containing
the velocity vector
Roll = Angle between spacecraft Z-axis and the local vertical
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TABLE VII.- SPACECRAFT RELATIVE ATTITUDES AT EVENT INITIATION - Continued

Relative Attitudesa, deg
Event

Piteh Yaw Roll

(¢) Third Period of Activities

IM-CSM separation 179.9 0.00k -180.0
FITH APS burn -62.9 0.0 0.0
Reorient for rendezvous radar 90.0 0.0 0.0
CSI APS burn 179.4 0.0 -180.0
CDH RCS burn , -54.5 0.0 0.0
Continuous pitech for radar lock-on 90.0 0.0 0.0
TPI RCS burn . 32.3 0.9 -0.6
First TPF burn -50.1 0.6 0.7
Second TPF burn -29.6 =5k -3.1
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TABLE VII.- SPACECRAFT RELATIVE ATTITUDES AT EVENT INITIATION - Concluded

Relative Attitudes®, deg
Event

Pitch Yaw Roll

(d) Fourth and Fifth Period of Activities

Third SPS burn -121.0 -0.19 -179.7
Reorient for sextant sightings 57.0 0.0 0.0
Fourth SPS burn for CSI -61.2 0.59 1.08
RCS burn for TPI -152.9 -2.23 -178.9
Simulated trensearth burn 168.2 89.99 -168.2
Deorbit burn -130.7 0.0 -180.0




TABLE VIII.- TRANSPOSITION AND DOCKING

(a) CSM/IM/S-IVB Attitude Timeline

b1

Time from
5-IVB cutoff,
min

AT,
min

Event

Comment

15

21.5

22

26

15

6.5

8.5

10.5
20

45

5e

S-IVB cutoff

Fstablish zero degree attitude
between spacecraft +X axis (forward)
and local horizontal.

Establish and maintain orbital
pitch rate.

S-IVB venting and blowdown.

Move S-IVB to solar orientation
for inactive vehicle illumination

Pitch* (-103.5°0 at 0.3%/sec)
Roll (5.20 at O.Eo/sec)
*Time dependent

Maintein inertial attitude
(41.Y deadband)

+X transposition to 100 ft
using CSM-RCS quads.

Rate - 3 fps (10 sec RCS burn)

ENTER SUNLIGHT

Orient CSM for docking

Pitch (+180° at 0.5%/sec)
Roll (-60° at 0.5%/sec)

+X transposition back to IM
Rate (> 50 ft) 1. fps avg.
Rate (<50 ft) 0.1 to 1. fps
Accomplish soft docking
(Preliminary value)

Hard dock

S-IVB/IU/CSM/IM

Puts sun 300 of £ the
S-IVB X-exis

CSM

Crew has sun above
and behind them.

S-IVB/IU/CSM/IM
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TABLE VIII.. TRANSPOSITION AND DOCKING - Continued

(a) CSM/IM/S-IVB Attitude Timeline - Concluded

Time from
S-IVB cutoff, AT,

min min Event Comment

87 5 6. Extract IM from S-IVB CSM/IM
Rete (1.5 fps using RCS quads)
Orient IM forward in direction
of travel

120 7. Accomplish S-IVB post separation S-IVB
maneuver. ‘
Establish inertial attitude hold

20 Vent S~IVB to maximize the separation

distance between the CSM/IM and the
S-IVB.
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TABLE VIIL.- TRANSPOSITION AND DOCKING - Concluded

(b) CSM T & D Attitudes at Maneuver Initiation

Spacecraft Launch site
relative attitude?, inertial attitude‘,
Event deg deg
Pitch | Yaw | Roll | Pitch | Yaw Roll
S-IVB cutoff 0. 0. 180.0 | -160.9 0.2 [-178.7}
S-IVB solar orientation 0. O. 180.0 | 137.2 | -1.1 [-179.2
Maintain inertial attitude | -85.1 | O. -174.8 33.7 | =0.5 -176.0
Soft dock 121.,0 | O. 114.8 | -146.3 0.5 116.0
®Pitch = Angle between spacecraft X-axis and local horizontal plane
Yaw = Angle between spacecraft X-exis and the vertical plane containing
the velocity vector
Roll = Angle between spacecraft Z-axis and the local vertical
bPitch = rotation about Y-axis
Yaw = rotation about Z-axis
Roll = rotation gbout X-axis.
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TABLE X.- REENTRY

Inertial velocity, fps

Inertisal flight—path angle, deg
Inertial azimuth, deg

Altitude, ft

Entry latitude, deg

Entry longitude, deg

Time to 400 000 ft, hr g.e.t.

PARAMETERS

.« . . 25 750.19

-1.65

96.27
400 000

28.62

89.53

239.068
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X, 1484.24
T X 40076
LAUNCH ESCAPE
SUBSYSTEM
v 203. et
19.250
f———x,, 114125 (HEORETICAL CONE APEX)
1 X, 1133.5 (CM NOSE)
COMMAND  —1 ; X, 1083.48
MODULE 50 Xe 80.48
x, 0
X, 1018.75
X, 1000 (CM HEAT SHIELD BOND LINE)
SERVICE Xc 0
MODULE  57.85
x, 838.0
X, 833.2(ENGINE GIMBAL PLANE)
116.615 100.5
DIAMETER
36 .0
SPACECRAFT
LEM ADAPTER X, 55
Xg  200.0 (ASCENT STAGE BASE)
9* 58' X
iyt A 585.21 (LEM ATTACHING PLANE)
i AQ-x, 3832
z, w--dp
- L @-x, so20
- 260.01
NOTE:
& SEPARATION PLANE
Q Fiewo seuce

X, AroLLo SPACECRAFT (CSM) COORDINATE SYSTEM
XE LEM COORDINATE SYSTEM
Xe CM COORDINATE SYSTEM
Xl LES COORDINATE SYSTEM

ALL LINEAR DIMENSIONS ARE IN INCHES

(a) Apollo spacecraft reference dimensions,

Figure 1. - Vehicle configuration and coordinate systems.

NASA - MSC - FOD

MISSION PLANNING & ANALYSIS DIVISION
MISSION ANALYSIS BRANCH

Plot No, —14,168(b)
Date _ 5-13-66 DBGrammer
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S-BAND OMNI (1)

SM HIGH GAIN S-BANL

STEERABLE ANTE.CM/

-Z
45°
S-BAND OMNI S-BAND OMN|
SY - y; B -
4 o]
S-BAND OMNI 45
- S-BAND Gl
SM HIGH GAIN S-RAND V
STEERABLE ANTENNA +Z
- CSM BODY AXIS SYSTEM

(c) CSM/LM docked confiquration antenna locations, hlock 2.,

Figute 1. - Continued.
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UPPER DOCKING

S-BAND STEERABLE TUNNEL
TN g ASCENT STAGE
RENDEZVOUS WINDOW "\ ANTENNA (2)

RADAR
ANTENNA

S-BAND INFLIGHT

ANTENNA 2) RCS THRUSTER

ASSEMBLY

DESCENT ENG INE
LANDING
& | SKIRT " GEaR

(d) LM outboard profile,

Figure 1, - Continued,



LEM-ACQUISITION &
CREWMAN
ALIGNMENT SIGHT

ORIENTATION LIGHT

[ um acTIvE DOCKING
ALIGNMENT TARGET

ALIGNMENT STRIPS

STAND-OFF CROSS

CREWMAN OPTICAL
ALIGNMENT SIGHT

Figure 1. - Continued.

(e) Docked CSM/LM trelative body coordinate system,



AXIS OF ROTATION

POINT OF
INTEREST

EQUATOR

VERNAL

EQUINOX
TYPE: Non-rotating, earfh referenced
ORIGIN: The center of the earth

ORIENTATION AND DEFINITION:

The point of interest is defined by a radius (R), its right
ascension (a), and declination (8).

The radius is the radial distance from the center of the
earth to the point of interest.

The right ascension is the angle measured from the
vernal equinox, eastward, along the equator, to the
meridian which passes through the point of interest.

The declination is the angle between the radius vector (R)
and the equatorial plane.

This system also defines the selenocentric system when
translated along the earth-moon line through the radial
distance of the moon from the earth. The same epoch
and equinox-equator flexibility as described for the geo-
centric inertial coordinate system applies for this coor- .
dinate system.

(f) Geocentric polar coordinate system.

Figure 1. ~ Continued.




EARTH'S
ROTATIONAL AXIS

EQUATOR

X
VERNAL
EQUINOX
TYPE: Earth referenced, non-rotating
ORIGIN: The center of the earth.

ORIENTATION AND DEFINITION:

The Z-axis is directed along the earth's rotational
axis, positive north.

The X-axis is directed toward the vernal equinox,
The Y-axis completes the standard right-handed system.

The epoch will generally be the nearest beginning of a
Besselian year (nearest to initial trajectory computation
time). However, special applications may involve other
epochs. The equator and equinox can be either mean-of-
epoch or true-of-date,.

This system also defines the selenocentric system when

translated along the earth-moon line through the radial
distance of the moon from the earth.

(9) Geocentric inertial coordinate system,

Figure 1. - Concluded.
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Figure 7. - Continued.
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Transposition, docking
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Figure9. - AS-503A MSFN USB station viewing, major events, daylight-darkness timeline bar chart.
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I Docked first DPS burn
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(b) Second period of activity.

Figure 9. - Continued.
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1 Docked first DPS burn
T to lower perigee
| (CSM + LM/DPS)

DARKNESS DARKNESS
FTIIIPTIII|IIII|IIII|III[]IHI|IIH|-IIIH

71:20 71:30 71:40 71:50 72.00 72:10 72:20 72:30 72:40
Ground elapsed time, g.e.t., hr:min

Docked second DPS burn
out-of plane
(CSM + LM/DPS)

f_M\

— = — — - ——

e
(=}
>

m
l|lllllllf]]lllllllll|llﬂ

72:40 72:50 73:00 73:10 73:20 73:30 73:40 73:50 74:00
Ground efapsed time, g,e.t,, hr:min

(c) Second period of activity, from 71:20 hours to 74:00 hours.

Figure 10, - Continued.
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Lateral displacement, Y, n, mi,

Vertical displacement, Z, n. mi.
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Figure 25.- Relative trajectory of APS after fuel depletion in CSM curvilinear coordinate system.
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Figure 27. - Time history of phase angle between CSM and DPS from 5ITH through flyby.
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Figure 37.- CM aerodynamic force geometry.
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